The electromagnetic interference (EMI) shielding effectiveness (SE) of Ultra-High Performance Concrete (UHPC) mixed with carbon nanotubes (CNTs) (UHPC/CNT composites) having a thickness of 200 mm in the frequency range of 10 kHz to 18 GHz was investigated according to IEEE-STD-299 for the first time. In addition, the effect of the size of the incident area on the SE was analyzed by comparing the SE results for two different incident areas: a small incident area of 300 × 300 mm 2 and a large incident area of 1200 × 1200 mm 2 . A significant improvement in the SE of the UHPC/CNT composite was achieved by increasing the CNT content up to the percolation threshold. Experimental observations indicated that the small incident area caused a distortion of the SE in the magnetic field owing to the aperture effect, whereas it had little effect on the SE for a plane wave. Thus, to eliminate the effect of the aperture on the measurement of the SE for UHPC/CNT composites in a magnetic field, an incident area larger than 1200 × 1200 mm 2 is recommended. According to a statistical analysis of the experimental results, a practical model was proposed to estimate the SE of cementitious material for different frequency ranges.
I. INTRODUCTION
Electromagnetic interference (EMI) shielding mainly results from reflection on the surface and/or absorption of EM waves by means of a conductive material [1] . In the construction field, the importance of EMI shielding is increasing with the rapid growth of radio communication and the ubiquity of electronic devices because EM waves can directly affect the human body and induce the growth of tumors [2] - [4] . In addition, it can cause the malfunction of electronic devices or paralyze security facilities associated with finance data, power plant control, and defense information sectors, etc. Hence, EMI shielding is not an option but a necessity in such areas.
Concrete, as a basic building construction material, cannot be used for EMI shielding owing to its high electrical resistivity in the range of 10 6 -10 9 ·m [5] . However, carbon
The associate editor coordinating the review of this manuscript and approving it for publication was Chaitanya U. Kshirsagar. materials such as carbon nanotubes (CNTs), graphene, and carbon black are considered to be effective conductive fillers owing to their extraordinary electrical conductivity (> 1000 times higher than that of copper) [6] . Thus, numerous studies on the application of carbon materials in the development of conductive cementitious materials with high shielding effectiveness (SE) have been reported over the last few decades [7] - [12] . However, most previous studies were based on ordinary cement paste or mortar, and it is difficult to extend their results directly to Ultra-High Performance Concrete (UHPC), which exhibits completely different mechanical properties, including excellent durability and crack resistance with a compressive strength of > 150 MPa owing to the dense packing of particles with a low water-to-cement ratio (w/c). Therefore, it is necessary to investigate the SE of UHPC with carbon materials.
There are several standard test methods for measuring EMI SE, such as ASTM D4935-18, ASTM E1851-15, MIL-STD-188-125-1, and IEEE-STD-299 [13] - [16] . These methods can be classified into small-sample testing and largesample testing according to the required geometry of the sample. ASTM D4935-18 can be regarded as being representative of small-sample testing, and the other methods can be considered to be large-sample testing. Most previous studies were based on small-sample testing methods because the samples are easy to fabricate and simple to test, reducing the required amount of labor, resources, etc. However, this method is not appropriate for cementitious material [12] because it is impossible to fabricate samples as thin as 25 µm, which is the required dimension according to ASTM D4935-18. In addition, if the thickness of the sample is up to several millimeters, the SE can be overestimated via leaking of the signal through the gap between the coaxial transverse EM-cell. Moreover, it is difficult to represent the SE measured by small-sample testing as that of an actual structure. Thus, this method should only be used to roughly estimate the effect of different components on the SE of cementitious material.
IEEE-STD-299 is a representative large-sample testing method that can indicate the SE of an actual structure. This method requires that the incident area of the sample should be equal to or greater than 2.0 × 2.0 m 2 . However, it is difficult to fabricate test samples satisfying the required dimensions. Nevertheless, there is no previous research that has been performed to determine the requirement of the incident area size and the effect of the small size of the incident area on the EMI SE.
Hence, in this study, the EMI SE of UHPC with CNTs (UHPC/CNT composites) having a thickness of 200 mm in the frequency range of 10 kHz to 18 GHz was investigated according to IEEE-STD-299 for the first time. In addition, the effect of the size of the incident area on the SE was examined using testing samples with two different incident areas. Finally, a practical model for estimating the SE was developed by analyzing the experimental data using statistical analyses.
II. EXPERIMENTAL PROGRAM A. MATERIAL AND MIX PROPORTION
Test samples were fabricated using identical materials: multi wall CNTs (MWCNTs) made by Kumho Inc., Type I Portland cement (Union Cement Co., Ltd.), silica fume (Grade 940U, Elkem), silica powder (S-SIL 10, SAC) and silica sand. MWCNTs produced via chemical vapor deposition were used. The properties of the MWCNTs are listed in Table 1 .
The mix proportion is listed in Table 2 . Six different contents of CNTs (0, 0.2, 0.5, 0.8, 1.0 and 2.0 by weight percent of cement) were mixed with the reference UHPC mixture. The weight ratios of water and super plasticizer (SPPL) were kept constant at 0.23 and 0.04, respectively, with respect to the weight of the cement. In the case of sample CNT2.0, a w/c of 0.28 was used by adding extra water so that the flow was equal to that of sample CNT1.0 to prevent false setting due to the rapid decrease of the flow for the UHPC with a high CNT dosage.
B. TEST SAMPLE PREPARATION
The test sample preparation consists of four steps: (a) fabrication of the dispersed CNT solution; (b) mixing of the dry pre-mixture with the solution; (c) sample casting; and (d) curing.
Sonication is a widely used method, and was performed using an ultrasonic processor (VCX 750, Sonics Inc.) with a 25 mm cylindrical boost probe to fabricate a dispersed CNT solution. Certain amounts of distilled water and SPPL were added to a jacketed stainless steel beaker with CNTs. Then, the sonicator was operated at an amplitude of 80 % so as to deliver an energy of 35000-36000 J/min. The temperature of the beaker was kept at 7 • C using a chiller to prevent overheating of the sonicator. The sonication was continued until the average particle size of the CNTs was approximately 20-30 µm, as indicated by particle size analysis. In fact, it is difficult to disperse CNTs within the aqueous solution and the cement composite owing to its hydrophobic nature, high aspect ratio, and strong Van der Waals forces.
Once the dispersed CNT solution was prepared, UHPC dry pre-mixture was added to the dispersed CNT solution, and it was mixed for 5 min using a Hobart mixer. Thereafter, fresh mixtures were decanted to molds.
Cubic test samples with volumes of 50 × 50 × 50 mm 3 were prepared to measure the electrical resistivity. Copper plates of volume 20 × 20 × 0.4 mm 3 were anchored into the samples as electrodes. The contact area of the copper plate with the composites was coated with silver paste to minimize the increase in the surface resistivity [17] - [21] and to prevent corrosion of the electrode during the curing. The samples for SE testing were fabricated in the form of two different square panels with a thickness of 200 mm, which is a typical building wall depth. The samples had different areas: 350 × 350 mm 2 and 1250 × 1250 mm 2 , respectively. The incident areas of these test samples were smaller owing to the test settings: 300 × 300 mm 2 and 1200 × 1200 mm 2 , respectively. The geometries of the test samples are presented in Fig. 1 .
Fresh mixtures were cured for 24 h at room temperature. Then, the hardened samples were demolded and steam cured at 90 • C for 48 h. Thereafter, the samples were kept at 20 • C for 25 d so that the total curing period was 28 d. For electrical resistivity testing and SE testing, the moisture in the samples (which influenced the ionic conduction) was completely evaporated via oven drying at 60 • C for 2 d prior to testing in order to investigate the effect of the electronic conduction by the CNTs on the properties of the composite. 
C. TEST METHOD 1) MORPHOLOGY OF DISPERSED CNTS
The degree of dispersion of the CNTs was evaluated by examining their morphology using microscopic and scanning electron microscopy (SEM) analyses with a light microscope (DM1750M, Leica) and a field-emission scanning electron microscope (FE SEM) (JSM-6700, JEOL Ltd.), respectively.
2) MEASUREMENT OF ELECTRICAL RESISTIVITY
The electrical resistance of the sample was measured via the four-wire method using an LCR meter (GW INSTEK LCR-6100). Six samples for each mix proportion were tested at a frequency of 10 kHz, and the average value of four samples except for the largest and smallest values was taken to be the representative electrical resistance. The electrical resistivity, i.e., the reciprocal of the electrical conductivity, was then calculated as follows:
where ρ is the electrical resistivity ( ·m), σ is the electrical conductivity (S/m), R is the electrical resistance ( ), a is the cross-sectional area of the composite between the electrodes (m 2 ), and L is the distance between the electrodes (m) [22] .
3) EMI SE TEST BASED ON IEEE-STD-299
The EMI SE test according to IEEE-STD-299 was performed in the frequency range of 10 kHz-18 GHz [16] . Ten frequencies (i.e., 10 kHz, 100 kHz, 1 MHz, 10 MHz, 100 MHz, 1 GHz, 5 GHz, 10 GHz, 15 GHz, and 18 GHz) were selected as the frequencies of interest. A shielded chamber with dimensions 2400 × 2400 × 2400 mm 3 and an aperture made of steel and zinc, a spectrum analyzer (8563E, HP), a signal generator (SMB100A, ROHDE&SCHWARZ), and antenna kits were instrumented in the testing process. Fig. 2 shows the details of the procedure for the EMI SE test. It starts with a free-space calibration ( Fig. 2a ). The values from the calibration (P i ) were taken as the zero point to be set on the receiver showing the difference readout from the nominal value. After the calibration was completed, a test sample was mounted on the aperture (Fig. 2b ). Conductive gaskets were affixed to the gap between the chamber and the edge of the sample to prevent the leaking of EM waves. Then, the transmitting antenna was set up outside the chamber and the receiving antenna was placed inside the chamber. Both antennas were installed perpendicular to the geometric center of the sample (Fig. 2c ). The distances between the antennas and the sample are listed in Table 3 . Once the experimental setup was completed, a signal was generated at a particular frequency, and it was transmitted using the transmitting antenna. Then, the power level of the signal detected by the receiving antenna (P t ) passing through the sample was measured using a spectrum analyzer ( Fig. 2d ). Subsequently, the SE was calculated in terms of the ratio of EM power, as follows: where P i and P t represent the EM power measured in free space and from the sample, respectively. To measure the SE, loop antennas were used in the lowfrequency range (10 kHz-10 MHz), and bi-conical antennas were used in the resonant and transition range (10-100 MHz).
In the high-frequency range (100 MHz-18 GHz), log periodic (LP) antennas were used between 100 MHz and 1 GHz, and horn antennas were used in the range of 1-18 GHz.
The SE test was performed three times for each sample at each frequency of interest, and the average value was taken as a representative SE of the UHPC/CNT composites. Fig. 3 shows the morphology of the CNTs in the solution state and their status after being embedded in the matrix. According to the microscopic analysis, the CNTs were further dispersed as the sonication progressed ( Fig. 3a ). In addition, the SEM images show that the morphology of the CNTs dispersed in the UHPC matrix was affected by the sonication process (Fig. 3b ). The CNTs were generally anchored as single fibers with a size in the range of 1-10 µm, and few agglomerates were observed. Thus, the dispersion method used in this study is effective for dispersing CNTs within an aqueous solution and a UHPC matrix. Fig. 4 shows the electrical resistivity of the UHPC/CNT composites with respect to the CNT content. The electrical resistivity decreased significantly with an increase in the CNT content up to 1.0 wt.%. The obtained electrical resistivity at the CNT content of 0 wt.% (reference sample) was 121173.33 ·m. It was significantly reduced to 4.78 ·m with 1.0 wt.% CNTs. This indicates that the CNTs were uniformly distributed in the composites via the dispersion method [23] . If the dispersion of CNTs is poor, it is expected that the slope of the resistivity will be gradually inclined. However, an increase in the CNT content beyond 1.0 wt.% did not significantly reduce the electrical resistivity; the resistivity of the sample CNT2.0 was only 4.48 ·m even though it contained twice as many CNTs as CNT1.0. This is due to the percolation threshold, which is the ratio at which the conductive pathway is obtained owing to contact with adjacent conductive fibers [24] . A schematic diagram for the percolation threshold is shown in Fig. 5 . The electrical resistivity of the UHPC/CNT composites decreased with increasing dispersed CNT fibers uniformly distributed in the matrix; eventually, the CNT fibers constructed the conductive pathway by completely connecting adjacent fibers at the percolation threshold. Thus, increasing the CNT content beyond the percolation threshold did not significantly reduce the electrical resistivity because the conductive pathway was already constructed at the percolation threshold. Therefore, in this study, the CNT content of 1.0 wt.% can be regarded as the percolation threshold. Table 4 presents the notations for the properties of EMI SE used in the following discussion.
III. RESULTS AND DISCUSSION

A. DEGREE OF CNT DISPERSION
B. ELECTRICAL RESISTIVITY
C. EMI SE CHARACTERISTICS
1) BASICS OF SE THEORY
According to the law of the conservation of energy, in the process whereby incident energy passes through a material, a fraction of the energy is reflected by the surface of the material, absorbed inside, and reflected again on the opposite surface of the material. Hence, the SE developed while the EM waves pass through the material is theoretically the sum of the absorption loss (A), reflection loss (R), and multiple reflection loss (M ). Thus, (2) can be expressed as follows:
where R occurs owing to the impedance mismatch between the wave impedance (Z w ) and the intrinsic impedance of the material (Z m ). Z w is well-defined in the near field and for plane waves (far field) at a distance (r) from the source, and is normalized by λ/2π. The near field can be classified into the electric field (E-field) and magnetic field (H-field). Thus, R should be considered separately according to the characteristics of Z w for each field. Given that the SE of the E-field is always higher than that of the H-field, it is not mentioned in general. Therefore, the SE associated with the E-field is not discussed in this study. The impedance of each corresponding frequency region can be calculated as follows:
M in (3) can be neglected when A is more than 10 dB or in the case of a relatively thick material [25] , [26] . In addition, similar to most cementitious materials, UHPC is a dielectric that experiences very little loss compared to metals. Hence, M can be ignored. A and R can be calculated using the following equations corresponding to the frequency region [25] :
14.6 − 10 log µ r
168
The preceding equations are valid for solid material (e.g., metal) without an aperture. In the opposite case (i.e., solid material with an aperture), the following equation (which describes the ''aperture effect, S'') should be considered to calculate the SE according to the theory of slot antennas [27] .
Equation (8) can be used only when the maximum dimension of the aperture (l) is less than half of the wavelength (λ/2).
2) ANALYSIS OF EMI SE TEST RESULTS
The EMI SE test results obtained for the samples with two different incident area sizes (i.e., a small incident area VOLUME 7, 2019 of 300 × 300 mm 2 and a large incident area of 1200 × 1200 mm 2 ) are presented in Fig. 6 with respect to the CNT content. The standard deviation of the results for each sample was less than 5 dB, indicating that the test was performed appropriately, and the results can be regarded as reliable and repeatable. For all the samples, the SE improved as the CNT content increased in all frequency bands regardless of the size of the incident area. In addition, the SE was similar between samples CNT1.0 and CNT2.0 for the entire measured frequency range because there was little difference between their electrical resistivity values. This demonstrates that electrical resistivity is a major factor affecting the SE, and that there is a direct correlation between them. One interesting observation from the experimental results was that the SE could be overestimated when a small sample with a relatively small incident area was used, owing to additional reflection loss (R A ). The SE obtained for small and large incident areas were almost identical at frequencies above 1 GHz. Meanwhile, in the case of the small incident area (Fig. 6a 1 -g 1 ) , the SE measured at frequencies below 1 GHz was more than twice that of the sample with large incident areas ( Fig. 6a 2 -g 2 ), although the samples were fabricated with the same batch mixtures and curing conditions. In particular, the reference sample (i.e., CNT0.0) had an SE value of 28.11 dB at 10 kHz, which appears to be a very high value considering that it has a high electrical resistivity. This was possibly due to R A in a region of the shielded chamber in the vicinity of the aperture owing to the small size of the aperture (Fig. 7) . Specifically, given that the transmitted λ was larger than the electrical dimension of the aperture, which had a size equal to that of the small incident area, the transmitted EM waves were not completely incident on the sample. Thus, a portion of the waves was reflected by a region of the chamber. To validate this assumption (i.e., to examine the SE caused only by the aperture), the SE of the aperture was determined without mounting a sample. According to the results presented in Fig. 6a 1 , the SE measured only with an aperture (black dotted line) was nearly equal to that of the reference sample below 1 GHz, whereas it was close to 0 dB at above 1 GHz. This means that as the transmitted λ decreased with an increase in the frequency up to 1 GHz, R A decreased, and eventually, it disappeared at above 1 GHz because the value of λ became so VOLUME 7, 2019 small that the incoming waves were completely incident on the sample regardless of the aperture dimension. Therefore, to evaluate the SE of UHPC/CNT composites, it is more effective to subtract the SE of the aperture from the SE measured by the conventional method (i.e., IEEE-STD-299) to eliminate the contribution of R A . By applying this approach, the SE test results (Fig. 6g ) are represented in Fig. 8 (i.e., the SE of the aperture was subtracted from the SE test results). The reference sample exhibited low SE values close to 0 dB for all frequency bands regardless of the size of the incident area. In addition, the SE of the samples containing CNTs for the small incident area at 10 kHz was reduced to values that are similar to those for the large incident area. These results validate the assumption that the SE can be overestimated if it is tested using a sample with a relatively small incident area.
Another observation is that a small incident area can result in a distorted SE in the H-field owing to the aperture effect, whereas it has little effect for a plane wave. With an increase in the frequency in the range of 10 kHz-10 MHz, the SE of the samples with a small incident area decreased, whereas that of the large incident area samples increased. This was also because of the size of the aperture. The experimental frequency ranges can be classified into three regions-the H-field (below 10 MHz), resonant and transition region (from 10 MHz to 100 MHz), and plane wave (above 100 MHz)according to the SE theory and the experimental setting (e.g., distances from the transmitting antenna to the sample). In the H-field, both A and R of the solid material without an aperture increases with increasing frequency, as indicated by (6) and (7b). However, the UHPC, which is similar to most cementitious materials, is porous with multiple size pores ranging from the nanometers to millimeters [28] . The pores in the material can be regarded as micro-apertures that can cause shield discontinuity. Thus, it can be assumed that in the case of the UHPC/CNT composites, the UHPC matrix with CNTs acted as a shield, and the pores played the role of apertures. Therefore, (8) allows the SE of a material with an aperture (i.e., corresponding to the effect of pores on the SE) to be considered in addition to the equations for the SE of materials without an aperture (i.e., corresponding to the effect of the UHPC matrix with CNTs on the SE). In the H-field, given that the contribution of A is negligibly small and R is the dominant factor, the new R H (R * H ) in which the aperture effect is considered can be expressed in the following form as the sum of (7b) and (8):
Let R * H at a given frequency (f 1 ) be R * H 1 . Then, the R * H at a certain frequency (f 2 ), R * H 2 can be expressed as
where dR * H , the differential increment, can be written by (9c).
By substituting (7b) and (8) df .
(9d)
Notably, dR * H has a negative increment, indicating that the rate of increase of R H is lower than the rate of decrease of S. Thus, R * H decreases gradually instead of increasing as frequency increases. dR * H can be calculated easily and directly from (9d). Given that the SE was measured at frequency intervals of ten from 10 kHz to 10 GHz, where df corresponded to 9f 1 (f 2f 1 = 10f 1f 1 = 9f 1 ); accordingly, dR * H results in -3.91 dB. This means that the SE of the sample with the small incident area decreased in the H-field by the corresponding incremental with the increase of the frequency by a factor of 10. A good agreement was observed between the derived result of -3.91 dB and the reduction rate of the experimental results. However, this tendency was not observed in the result for the large incident area samples. This is possibly because the aperture effect was removed by increasing the dimension of the incident area. S decreases with an increase in l, as indicated by (8) .
The SE for a plane wave was hardly affected by the aperture effect. Note again that (8) can be used only when l is less than λ/2, and S decreases with the frequency. The l value of the small samples was 425 mm ( √ 2× 300 mm) which is larger than 150 mm, corresponding to λ/2 at 1 GHz (the lowest experimental frequency in the plane wave region). Thus, (8) cannot be used for a plane wave. Specifically, the aperture effect decreased with increasing frequency, and it eventually disappeared in the plane wave region. Note that the SE values obtained for small and large incident areas were almost identical at above 1 GHz. This demonstrates that the effect of the aperture on SE for a plane wave was small regardless of the size of the incident area. However, if the SE test is performed using a sample with l smaller than 150 mm, the SE for a plane wave could be distorted owing to the aperture effect, but the effect is not significant.
In the case where the SE was measured for a large incident area, it temporarily decreased in the frequency range of 10-100 MHz, which is defined as the resonant and transition region. This is because resonance occurred in this region. Resonance occurs when l = λ/2. Given that the l value of the large incident area was approximately 1700 mm ( √ 2× 1200 mm), the resonant frequency corresponding to λ/2 was calculated as 88 MHz. Thus, the resonance occurred at a resonant frequency of approximately 88 MHz, resulting in an SE reduction.
In summary ( Fig. 9 ), the SE results for small and large incident areas are correlated with the frequency region. When testing the SE of UHPC/CNT composites according to IEEE-STD-299 in the H-field, samples should be fabricated to have an incident area of at least 1200 × 1200 mm 2 to eliminate the aperture effect. Otherwise, the SE could be overestimated and distorted. However, the SE for a plane wave is hardly affected by the aperture effect to be sufficient to represent the SE for the actual structure regardless of the size of the incident area. This finding can be applied to not only UHPC/CNT composites, but also cementitious materials such as cement paste, mortar, and concrete, because they have similar electrical resistivity.
3) PRACTICAL MODEL FOR ESTIMATING SE OF UHPC/CNT COMPOSITES
Equations (6) and (7) can be used to analyze the trend of the SE for a cementitious material without an aperture (e.g., with the increasing frequency, both A and R increase in the H-field, whereas for a plane wave, A increases and R decreases), but they cannot be used to calculate the SE. This is because the equations were derived for metals, which have good electrical properties, whereas cementitious materials have poor electrical properties. Thus, if the SE of the cementitious material is calculated using the previous equations, although the overall trend of the calculated SE can be similar to the experimental results, the accuracy is not guaranteed. For this reason, many researchers have attempted to develop a model to predict the SE of cementitious materials [28] - [31] . However, these previous models require information on variables that are difficult to measure such as µ r , ε r , and the moisture content to estimate SE. Therefore, they have limited use in practical situations.
Hence, a practical model to approximately estimate the SE of UHPC/CNT composites in terms of simple properties that are easy to measure, such as σ r , r, t, and the frequency of interest f , is proposed according to the experimental results. The proposed model consists of equations for calculating the EMI SE in the H-field and for a plane wave, respectively, as follows:
where 10 kHz ≤ f ≤ 10 MHz
To construct the model, it is first assumed that the µ r and ε r of the UHPC/CNT composites are 1 and 4.94, respectively [32] , regardless of the CNT content. This assumption is made because the CNTs are not magnetic materials and cannot improve µ r [33] . Moreover, a carbon filler, e.g., CNTs, can significantly affect the relative conductivity σ r , whereas it has little effect on the relative permittivity ε r [12] , [28] , [34] , [35] .
Initially, a regression model was employed to estimate the SE in the H-field according to the experimental results. In the H-field, R can be regarded as the SE because R is the key factor for determining the SE, and the contribution of A is negligible. Therefore, (7b) was revised as (10a) by performing regression analysis using the software SPSS Statistics 25.0. Fig. 10 shows the results of the regression analysis for R H . The experimental data are scattered around the line plotted by the regression equation (10a). In Table 5 , which is a summary of the regression analysis, the significance (Sig.) is less than 0.001. Accordingly, it is considered that there is a significant relationship between the independent variables (f , r 2 , and σ r ) and the dependent variable (R H ) in the model. In addition, because the coefficient of determination (R 2 ) is 0.826, it can be considered that this model implies that there is an 82.6 % variability in the dependent variable. In statistics, a regression model in which R 2 is greater than 0.7, and a Sig. less than 0.001 is regarded as significant enough to be applied as an estimation model. Thus, (10a) can be applied to estimate the SE in the H-field.
When a plane wave passes through a material, its amplitude is attenuated exponentially as a function of the skin depth (δ) [36] . The δ can be calculated as follows [27] :
A can also be calculated by substituting (11) into (6) . Fig. 11 shows the δ of the UHPC/CNT composites and copper calculated using (11) . The δ of the UHPC/CNT composites was very thick in the entire plane wave region, whereas that of the copper was very thin. However, as the CNT content increased, the δ of the UHPC/CNT composites decreased owing to the decrease in resistivity. Therefore, the UHPC/CNT composites cannot be regarded as a conductor as copper, but it can be regarded as lossy dielectric material, where the incident plane wave is partially reflected causing R, while the remainder penetrates and is attenuated resulting in A.
Hence, (10b) is derived using the following procedure. First, the impedance ratio (K ) is calculated using (4) and (5) to determine the contribution of R to the SE for a plane wave (R p ). It is expressed as follows:
Then, R P is calculated as 1.35 dB regardless of the frequency by substituting (12) into (7a). This indicates that for a plane wave, the contribution of R is very small, and the major factor determining the SE is A.
To derive the appropriate equation to calculate A for a plane wave, the experimental SE value measured at 1 GHz (SE 1GHz ) was used as the reference. Theoretically, a frequency corresponding to a plane wave starts at 28.09 MHz, but this frequency is within the resonant and transition region. Hence, it is not appropriate as the reference frequency to estimate SE at high frequencies for a plane wave. In addition, because the δ of the samples calculated at 100 MHz (Fig. 11 ) was thicker than the thickness of the samples (0.2 m), it cannot be considered that sufficient A has been occurred at 100 MHz. However, the δ at 1 GHz was smaller than the thickness of the samples, except samples CNT0.0 and CNT0.2, where SE were close to 0 dB so that A can be considered to be occurred enough at 1 GHz. Thus, SE 1GHz , i.e., the first measured SE value in the plane wave outside of the resonant and transition region, was selected as the reference. It is reasonable that an A at 1 GHz (A 1GHz ) can be calculated by subtracting R P from SE 1GHz . Then, A 1GHz is equated with (6) as follows:
Let 131.4t √ µ r σ r be equal to β. Then, the constant β is obtained as follows:
β is directly calculated from (13b). The value increases with the CNT content owing to the improvement of the electrical conductivity, and the slope is similar to that of the reciprocal of the electrical resistivity ( Fig. 4) , as shown in Fig. 12 . Therefore, the A at other frequencies (A ) can be expressed as follows:
Consequently, the equation for estimating the SE for a plane wave can be derived as (10b) by combining (13c) with the calculated R p value of 1.35. The SE at frequencies between 10 MHz and 1 GHz can be calculated via a linear interpolation using the calculated SE value at 10 MHz and the experimental value of SE 1GHz .
To validate the suitability of the proposed model, the estimated SE results obtained by applying the preceding approach were compared with the experimental SE results. Specifically, the SE in the H-field was calculated by substituting the frequency of interest (10 kHz-10 MHz), sample-totransmitting antenna distance (0.3 m), and relative conductivity of the samples calculated using the resistivity results ( Fig. 4) into f , r, and σ r in (10a). Then, the SE for a plane wave was calculated by substituting the β obtained from (13b) and the frequency of interest (1-18 GHz) into (10b). Subsequently, the SE in the resonant and transition region (10-100 MHz) were calculated via a linear interpolation. The comparison of the SE results between the experimental results and numerical calculation is shown in Fig. 13 , indicating good agreement. Most of the calculated SE is caused by R in the H-field and by A for a plane wave. It should be noticed again that this is because in the H-field, the δ is calculated as very thick, as indicated in (11) , so the incident EM waves are not attenuated well (i.e., A hardly occurred), whereas R increases with the frequency, as indicated in (7b). However, for a plane wave, the δ decreases as frequency increases, so A increases, but R decreases as evident in (7c), and its contribution is small based on the result of calculation using (7a).
Every SE result measured at 100 MHz was smaller than the value obtained via numerical calculations by the proposed model. This is because the frequency was in the resonant and transition region, as previously mentioned. However, the measured SE values for samples CNT1.0 and CNT2.0 at above 1 GHz were lower than those obtained via the numerical calculations. This is possibly because the transmitted signal power used in the experiment was weak. If a sufficiently high-power signal could be used to measure the SE up to 200 dB, it is expected that the measured SE will be similar to that of the calculated SE.
In summary, the proposed model can be used to practically estimate the SE of a UHPC/CNT composite. The SE in the H-field with respect to the frequency of interest can be estimated by measuring only the values of r, t, and σ r . In addition, using the experimental value of SE 1GHz , the SE of higher frequencies can be predicted without performing further experiments. Therefore, this can reduce the necessary amounts of labor, time, resources, etc. The proposed model can be employed to estimate the SE for most cementitious materials because their electrical resistivity range is within the database range of the model. However, it is necessary to accumulate data and to modify the equations continuously based on the results of additional experiments to establish more robust model.
IV. CONCLUSION
This study experimentally investigated the EMI SE of UHPC/ CNT composites for the first time according to IEEE-STD-299 as well as the effect of the incident area size on the SE. According to the experimental results and a statistical analysis, a practical model for the estimation of the SE of UHPC/CNT composites was proposed. The main conclusions are as follows: i) Dispersed CNTs can significantly reduce the electrical resistivity of UHPC/CNT composites up to the percolation threshold owing to the formation of conductive pathway in the matrix. The electrical resistivity of the reference sample was 121173.33 ·m whereas that of sample CNT1.0 (with a CNT content of 1.0 wt.%) exhibited a significant improvement (4.78 ·m). ii) The SE of a UHPC/CNT composite can be improved with an increase in the CNT content up to the percolation threshold for all frequency bands. This demonstrates the close correlation between the electrical resistivity (or conductivity) and the SE. The SE of sample CNT1.0 at 10 kHz and 1 GHz increased by factors of approximately 8 and 25, respectively, compared to that of the reference sample. iii) When the SE of UHPC/CNT composites is tested, the SE in the H-field is probably overestimated and distorted owing to the effect of the aperture if a sample with a relatively small incident area is used. However, the SE for a plane wave is hardly affected by the size of the incident area. This observation can be used to update the existing guides of IEEE-STD-299. iv) The proposed model by statistical analysis can be used to estimate the SE for cementitious materials, particularly UHPC/CNT composites. It is sufficiently practical to use onsite. However, to improve the accuracy of the model, more appropriate data should be collected via further experiments and analyses, including the effect of CNTs on the permittivity of the composites. Future studies should focus on the minimum dimensions of the incident area for eliminating the aperture effect, a reliable SE test method using samples with small incident area, analyses of the SE for UHPC/CNT composites in terms of conductivity and permeability, as well as the accuracy of prediction models based on experimental data under various conditions. ACKNOWLEDGMENT
